The major circulating form of vitamin D, 25-hydroxycholecalciferol (25D3), circulates bound to vitamin D-binding protein (DBP). Prior to activation to 1,25-dihydroxycholecalciferol in the kidney, the 25D3-DBP complex is internalized via receptormediated endocytosis, which is absolutely dependent on the membrane receptors megalin and cubilin and the adaptor protein disabled-2 (Dab2). We recently reported that mammary epithelial cells (T-47D) expressing megalin, cubilin, and Dab2 rapidly internalize DBP via endocytosis, whereas cells that do not express all 3 proteins (MCF-7) do not. The objectives of this study were to characterize megalin, cubilin, and Dab2 expression and transport of DBP in human mammary epithelial cells. Using immunoblotting and real-time PCR, we found that megalin, cubilin, and Dab2 were expressed and dose dependently induced by all-trans-retinoic acid (RA) in T-47D human breast cancer cells and that RAtreated T-47D cells exhibited enhanced DBP internalization. These are the first studies to our knowledge to demonstrate that mammary epithelial cells express megalin, cubilin, and Dab2, which are enhanced during differentiation and may explain, at least in part, our finding that receptor-mediated endocytosis of DBP is upregulated in differentiated mammary epithelial cells.
Introduction
The biologically active derivative of vitamin D, 1,25-dihydroxycholecalciferol (1,25D3) 6 , is a potent inhibitor of tumor growth and proliferation (1) (2) (3) . Hence, there is growing interest in the development of strategies that can optimize vitamin D signaling in tissues that are sensitive to vitamin D-mediated growth inhibition. The major circulating form of cholecalciferol, 25-hydroxycholecalciferol (25D3) , is delivered to the periphery tightly bound to vitamin D-binding protein (DBP). Upon delivery to target cells, uptake of the 25D3-DBP complex requires receptor-mediated endocytosis, after which the 25D3 is released and activated to 1,25D3 by cytochrome p450 (CYP27B1). Virtually all circulating 25D3 is tightly bound to DBP (.99%); therefore, endocytosis of DBP appears to be essential for the cellular uptake of 25D3 and its subsequent antitumorigenic and procalcemic effects. In the epithelial cells of the renal proximal tubule, where the majority of systemic 1,25D3 is produced, endocytosis of the 25D3-DBP complex process is absolutely dependent on the membrane proteins megalin and cubilin (4, 5) . In fact, 1,25D3 is virtually absent in the plasma of megalin knockout mice, animals that develop severe vitamin D deficiency and bone disease due to increased urinary loss of 25D3 (4) . Additionally, pronounced urinary loss of 25D3 was observed in both humans and dogs with cubilin dysfunction, a condition that also causes a marked loss of DBP in the urine (5) . Recently, it has also been demonstrated that disabled-2 (Dab2), an adaptor protein localized to the cytoplasmic tail of megalin (6, 7) , is essential for megalin-and cubilin-mediated endocytosis of DBP in kidney (8) .
Although it has been shown that a number of extra renal tissues express megalin, cubilin, and/or Dab2 (9-15), little is known about uptake of vitamin complexes in these tissues or whether their uptake requires megalin, cubilin, and/or Dab2-mediated endocytosis. However, recent studies have shown that this megalin-mediated endocytosis occurs in numerous absorptive epithelial cell types, such as thyroid and reproductive tract, and megalin is expressed in both breast and prostate, tissues that have functional CYP27B1 (16, 17) and sensitivity to 1,25D3 (18) (19) (20) (21) (22) . Moreover, evidence suggests that differentiation plays a role in the expression and endocytic function of megalin, cubilin, and Dab2. In support of this concept, when F9 mouse 1 Supported by NIH grants CA103018 and CA96700 to J.W., and CA128091 and a Susan G. Komen Foundation Post-Doctoral Award (PDF0403052) to M.R. 2 Author disclosures: T. M. Chlon, D. A. Taffany, J. Welsh, and M. J. Rowling, no conflicts of interest. 5 Contributed equally to this work.
* To whom correspondence should be addressed. E-mail; mrowling@iastate. edu. embryocarcinoma cells are differentiated by all-trans-retinoic acid (RA), megalin and Dab2 expression are markedly elevated (23, 24) .
Despite identification of a functional CYP27B1 in a number of extra-renal sites, the mechanism by which 25D3 trafficking occurs and the regulation of these processes remain unclear in these tissues. We recently reported that mammary epithelial cells readily internalized DBP via receptor-mediated endocytosis and that this process was inhibited by a known inhibitor of megalinand cubilin-mediated endocytosis (25) . Thus, the presence of megalin, cubilin, and Dab2 may identify tissues that have the ability to transport 25D3 and locally produce antitumorigenic 1,25D3. In the present study, our first objectives were to assess megalin, cubilin, and Dab2 expression in mammary epithelial cells and determine whether levels of expression could be modulated by compounds known to induce these proteins in other cell types. Furthermore, we tested our hypothesis that stimulation of megalin, cubilin, and/or Dab2 expression in breast cancer cells would be associated with enhanced uptake of DBP.
Materials and Methods
Cell lines and culture conditions. T-47D breast cancer cells and F9 mouse embryocarcinoma cells were obtained from the American Type Culture Collection. Cells were routinely grown in a humidified incubator with 5% CO 2 and a temperature of 37°C. T-47D cells were cultured in RPMI media containing 10% fetal bovine serum, penicillin (100 kU/L), and streptomycin (0.1 g/L). F9 cells were grown in DMEM media containing 10% fetal bovine serum, penicillin (100 kU/L), and streptomycin (0.1 g/L).
Assessment of differentiation.
To assess the ability of known differentiating agents to induce differentiation of T-47D cells, 5 3 10 3 cells were plated in 6-well plates, then treated with various combinations of 1 mmol/L RA, 100 nmol/L 1,25D3, and 10 mmol/L forskolin for 7 d. Lipid accumulation (i.e. terminal differentiation) was assessed as described by Ramirez-Zacarías et al. (26) . Accumulation of lipid droplets was quantitated by measuring the absorbance of solubilized Oil Red O at 510 nm following the addition of 1 mL isopropyl alcohol.
Real-time PCR. T-47D cells (2 3 10 5 ) were plated in 6-well plates and treated with various combinations of RA (0-100 mmol/L), 100 nmol/L 1,25 D3, and forskolin (0-100 mmol/L) for 2-7 d. mRNA from cells was then either immediately isolated using a commercial kit (RNeasy Mini kit, Qiagen) or cells were incubated an additional 48 h in control media prior to mRNA isolation. Total mRNA was then used for first-strand cDNA synthesis using TaqMan Reverse Transcription Reagents (N808-0234, Applied Biosystems). For each sample, reactions were performed in triplicate, generating 3 2.0-mg cDNA stocks/ sample. For T-47D cells, each of the cDNA stocks were independently analyzed in duplicate (200 ng per well) for megalin, cubilin, and Dab2 mRNA expression via real-time PCR using SYBR Green Detection reagents (4309155, Applied Biosystems) with primer sets specific for human megalin (forward primer, AAATTGAGCACAGCACCTTTGA, reverse primer, TCTGCTTTCCTGACTCGAATAATG), human cubilin (forward primer, GGTTCCCTGCCAATTATCCAA, reverse primer, CCGCCATCCAAAATTTCTACA) or human Dab2 (forward primer, GGTGTAACTGTCACACTCCCTCAG, reverse primer, TGACCACCC-ATCATGGCTC) and were normalized against glyceraldehyde 3-phosphate dehydrogenase mRNA (forward primer, CCACCCATGGCAAATTCC, reverse primer, TGATGGGATTTCCATTGATGAC). pepstatin, 25 mg/mL leupeptin, and 1 mmol/L phenylmethylsulfonyl fluoride). Total protein was analyzed by the Micro BCA assay (Bio-Rad). For analysis of megalin and cubilin protein abundance, 60 mg protein was separated by SDS-PAGE under nonreducing conditions using 6% polyacrylamide gels. For analysis of Dab2 protein abundance, 60 mg protein was separated by SDS-PAGE under reducing conditions using 7.5% polyacrylamide gels. Proteins were transferred to nitrocellulose and Ponceau stained to confirm equal loading. Membranes were blocked at room temperature (RT) for 1 h in 5% skim milk in PBS/1% Tween 20. For detection of megalin, the membrane was incubated for 2 h at RT with a 1:500 dilution of polyclonal rabbit anti-megalin antibody (kindly provided by Scott Argraves, University of South Carolina, Columbia, SC) in 5% bovine serum albumin followed by 1 h incubation with goat anti-rabbit IgG horseradish peroxidase (1:5000). For detection of cubilin, membranes were incubated for 3 h at RT with a 1:100 dilution of a polyclonal goat anti-cubilin antibody (Santa Cruz Biotechnology). Donkey anti-goat IgG horseradish peroxidase-conjugated secondary antibody (1:10,000) was applied for 1 h at RT. For detection of Dab2, membranes were incubated with a 1:500 dilution of a monoclonal mouse anti-Dab2 antibody (BD Biosciences Pharmingen) for 3 h at RT, followed by a 1-h incubation with a sheep anti-mouse IgG horseradish peroxidaseconjugated secondary antibody (1:7500). For all proteins, specific binding was detected by chemiluminescence and exposure to autoradiography film (Kodak Biomax).
Fluorescein conjugation and endocytosis of DBP. DBP (Calbiochem) was conjugated to Alexa-488 using a commercial kit (A10235, Molecular Probes). For DBP uptake studies, subconfluent T-47D and F9 cells were grown in 0.1 mmol/L RA for 7 d, then plated on 4-well LabTek II CC2 chamber slides (Nalge Nunc International) for 48 h in RAfree media. Cells were then switched to serum-free media for 1 h, then incubated with 0.02 g/L Alexa-DBP at 37°C (the optimal temperature for endocytosis) for 30 min. Cells were rapidly fixed in ice-cold methanol, incubated with Hoechst (1 mg/L) in PBS for visualization of nuclei, and were then mounted in anti-fade on cover slips. Because we have observed uptake of Alexa-DBP by T-47D cells under control conditions (25), we viewed untreated and RA-treated T-47D cells 72 h after mounting to allow for fading of Alexa-DBP and a more accurate comparison of uptake efficiency. Because untreated F9 cells internalize virtually no appreciable DBP (M. J. Rowling and J. Welsh, unpublished data), F9 cells were viewed 2 h following mounting. Cells were viewed on an Olympus AX70 microscope equipped with a Spot RT digital camera. Fluorescent and UV images were acquired with a constant exposure time.
Statistical analysis. Data were analyzed by 1-or 2-way ANOVA as appropriate using InStat software (version 3.0 for Windows, GraphPad Software) or XLSTAT (Addinsoft). Differences between means were considered significant at P ,0.05. We used Dunnett's post-test to identify which means were significantly different from control values after ANOVA.
Results
RA treatment elevated intracellular lipid accumulation in T-47D cells. To determine whether megalin, cubilin, and/or Dab2 expression was associated with differentiation of T-47D cells, we quantitated the accumulation of lipid droplets, a marker of terminal differentiation in mammary cells. RA treatment significantly enhanced intracellular lipid accumulation (i.e. terminal differentiation) ;2-fold in T-47D cells. In contrast, 1,25D3 and forskolin did not affect lipid accumulation, but these observations do not preclude effects of 1,25D3 and forskolin on markers of earlier stages of differentiation (Fig. 1) .
Induction of megalin, cubilin, and Dab2 expression by differentiating agents in T-47D cells. Previous studies demonstrated up-regulation of megalin and Dab2 expression in rodent embryocarcinoma cells upon RA-mediated differentiation (23, 24) . We therefore reasoned that megalin, cubilin, and/or Dab2 expression may be similarly modulated in mammary tumor cells after treatment with compounds known to induce terminal differentiation of mammary cells. Megalin mRNA levels were elevated 1.8-fold in T-47D breast cancer cells treated with RA ( Fig. 2A) and treatment with both RA and 1,25D3 produced a 4.2-fold increase in megalin mRNA levels. Whereas Western blotting identified megalin protein in T-47D cells (Fig.  2B) and revealed an increased expression after 48 h treatment with RA, 1,25D3, or in combination, only RA was effective in inducing cubilin and Dab2 protein (Fig. 3) . Interestingly, RA did not increase cubilin mRNA abundance (data not shown) but elevated Dab2 mRNA expression (6.2-fold increase; Fig. 4A ), which persisted for at least 2 d after RA was removed from culture media (Fig. 4B) . To determine whether other differentiation-inducing agents could also impact megalin, cubilin, and Dab2 expression, we used the cAMP agonist, forskolin. After a 48-h treatment with 100 mmol/L forskolin, megalin mRNA (Fig.  5A ) and protein abundance (Fig. 5B) were significantly greater than in untreated cells and this effect was potentiated by RA (Fig. 5) . In contrast, forskolin did not affect cubilin (data not shown) or Dab2 expression (Fig. 4A) . In the presence of RA, a significant induction of megalin mRNA occurred in forskolin treated at concentrations as low as 1 mmol/L [2-fold greater than the 2RA, dimethylsulfoxide (DMSO) control], whereas maximal induction (8.6-fold increase) was achieved at 100 mmol/L. Megalin protein expression appeared to be maximal in both vehicle-and RA-treated cells treated with 0.1 mmol/L forskolin (Fig. 5B) .
RA treatment enhanced uptake of DBP in T-47D cells. Induction of megalin and Dab2 expression has been linked to RAmediated differentiation of F9 embryocarcinoma cells (23, 24) . Consistent with this concept, we found that DBP uptake was enhanced in F9 cells that were grown in RA-supplemented media (Fig. 6A) . We therefore hypothesized that increased expression of megalin, cubilin, and Dab2 would similarly correlate with uptake of DBP by T-47D cells. When T-47D cells were cultured in RA-supplemented media, like F9 cells, they internalized significantly more DBP than vehicle-treated cells (Fig. 6B) .
Discussion
Megalin is a large transmembrane protein (600 kDa), which, together with its endocytic partners cubilin and Dab2, is essential for renal uptake of the major circulating form of calciferols (25D3) (4, 5, 8) . Practically all 25D3 (.99%) circulates and is internalized as an intact 25D3-DBP complex. Once internalized by renal proximal tubule cells, the vitamin-carrier complex dissociates, allowing for metabolic activation of 25D3 into 1,25D3, the active vitamin D metabolite that binds the vitamin D receptor, which mediates antiproliferative and prodifferentiating signaling in a number of extra-renal tissues (27) . Hence, considerable attention has been focused on whether tissues other than the kidney can generate 1,25D3. In support of this concept, the enzyme capable of converting 25D3 to 1,25D3 (CYP27B1) has now been conclusively identified in many additional cell types, including keratinocytes, colonocytes, and the epithelial cells of the prostate and mammary gland (16, 28, 29) . Although the presence of CYP27B1 in extra-renal tissues suggests that local activation of 25D3 can occur, this suggestion presumes that circulating 25D3 is accessible to the enzyme. Thus, determining the mechanisms by which the 25D3-DBP complex can be internalized by extra-renal tissues could be a critical step in determining why serum 25D3 levels are inversely correlated with incidence of numerous types of cancer.
Despite the recognition that 25D3 is delivered to sites of metabolism and storage in complex with DBP, the mechanisms for cellular uptake of 25D3-DBP have not been clearly defined in tissues other than the kidney. Previously, we demonstrated that coexpression of megalin and cubilin in mammary cells correlated with the rapid internalization of DBP via receptormediated endocytosis (25) . Furthermore, we found that receptorassociated protein, a known inhibitor of megalin-mediated endocytosis (30) , drastically reduced the ability of T-47D cells to internalize DBP. In the present study, we extended our previous work by demonstrating that treatment of T-47D cells with RA, a compound that induces terminal differentiation of T-47D cells, markedly increased expression of megalin, cubilin, and/or Dab2 and enhanced DBP uptake. These findings are consistent with our previous assessment of megalin and cubilin expression in murine mammary gland and human mammary cell lines (25) and a marked increase in mammary-specific megalin and Dab2 expression we have found in pregnant, lactating, and estrogen-/ progesterone-supplemented mice (M.J. Rowling and J. Welsh, unpublished data). Moreover, these data are supported by reports of modulated megalin, cubilin, and Dab2 expression in epithelial cells from nonmammary sources (31) (32) (33) . Characterizing the mechanisms of vitamin D transport in the mammary gland may therefore not only provide important information relevant to breast cancer but may identify possible targets for the prevention of other types of cancer. Additionally, future assessment of the effects of tumorigenesis on megalin, cubilin, and Dab2 expression may dramatically affect nutritional strategies for the prevention/treatment of cancer. For example, if in future studies researchers discover that mechanisms for vitamin uptake are deregulated as cells lose their differentiated phenotype, then attention to optimal supplies of vitamin D would be most critical Although administration of 1,25D3 has been proven to be effective at inhibiting tumorigenesis, 1,25D3 produces a toxic calcemic response when administered at pharmacological doses (34) . In addition, strict regulation of renal 1,25D3 synthesis ensures that under physiological conditions, serum 1,25D3 concentrations will not reach levels that can inhibit tumor growth regardless of the amount of vitamin D acquired from the diet (35) . Therefore, evaluating the ability of mammary cells to locally produce 1,25D3 may be more predictive of breast cancer risk and may lead to a more feasible strategy for the use of dietary vitamin D in the context of cancer prevention. In support of this concept, epidemiological studies report that both sunlight exposure and dietary vitamin D are inversely correlated with breast cancer risk or disease progression (36) (37) (38) (39) (40) . Rats fed diets low in vitamin D develop significantly more mammary tumors when treated with chemical carcinogens than rats with adequate vitamin D status (41) . Furthermore, women with suboptimal vitamin D status exhibited increased mammographic breast density (42) . Taken together, this evidence suggests that determination of uptake mechanisms and tissue stores of vitamin D in the mammary gland is a critical step toward understanding the role of dietary or sunlight-derived vitamin D in breast cancer prevention.
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